Purpose Revision internal fixation for femoral-neck nonunion is a challenging procedure. Treatment options are osteotomy, osteosynthesis using various implants and grafting techniques (muscle pedicle, vascularised or nonvascularised fibular graft) or arthroplasty. The objective of this article is to report the outcome of revision internal fixation using an angle blade plate and autogenous fibular graft in symptomatic aseptic femoral-neck nonunion. Methods Twenty-two patients who had been treated previously with cannulated screws or dynamic hip screw for femoral-neck fracture and progressed to nonunion were treated with revision internal fixation using an angle blade plate and autogenous nonvascularised fibular graft. Mean patient age was 38 (range 21-52) years, with average duration between injury and revision surgery 11.2m (range 8-16 months). Results Other than one nonunion, we achieved union in all patients (21 patients, 91%) after an average period of 4.4 months. The functional outcome after 3.2 years as per scoring system given by Nagi et al.. showed excellent results in four, good in ten, fair in six and poor in two patients. Patients with poor results included one with nonunion and other with avascular necrosis with collapse of the femoral head. Average limb shortening was 1.5 cm, and mean femoralneck-shaft angle was 116°. There was no instance of fibular graft fracture, slippage or implant cut-through. Conclusion Angle blade plate provides rigid stability and offloads any shearing force over the fibular graft when used for revision internal fixation in aseptic femoral-neck nonunion. Thus, the fibular graft only serves the purpose of osteogenesis and stimulates the surrounding host cells to promote healing at the nonunion site. We recommend the angle blade plate and autogenous fibular graft as a viable option for hip-joint salvage in revision internal fixation of aseptic femoral-neck nonunion.
Introduction
Despite advances in surgical techniques and internal fixation devices, femoral-neck fracture remains an unsolved problem. The reported incidence of nonunion after internal fixation of femoral-neck fracture is about 10-30% [1] [2] [3] . Broadly, two types of treatment can be offered following nonunion: joint salvage or prosthetic replacement (hemiarthroplasty or total hip arthroplasty). Whereas arthroplasty gives immediate results and is technically easier than hip-conservation procedures, it is not ideal for younger patients [1] . Various hip-salvage techniques, such as, muscle-pedicle bone grafting, vascularised bone grafting, valgus osteotomy, McMurray displacement osteotomy, fibular grafting and fixation with cancellous screws have been documented with variable results. Nevertheless, there is no standard guideline for choosing one over another for a particular fracture.
Originally, fibular osteosynthesis in femoral-neck nonunion was proposed by Nagi et al. from our institute. The technique involved nonvascular fibular graft with a cannulated cancellous screw [4] . Other studies report using two to three screws as supplemental fixation with a fibular graft [5] [6] [7] [8] [9] . Union rates with this technique in two different studies were 69% and 95% [4, 5] . We have evolved the method used for fixation with fibular bone grafting. Neglected fractures or nonunion are often associated with osteopaenia, resorption and avascular necrosis (AVN). Screw-thread purchase in osteopenic bone of the femoral head, further weakened by the previous surgery, does not appear to be substantial. In these cases, stability is largely dependent upon the fibular graft gaining a hold in the femoral head. We propose that a fixed-angle device would offer greater biomechanical stability and provide a better biological environment to fibular graft for union and graft integration. This study evaluated the outcome of revision internal fixation using an angle blade plate and autogenous nonvascular fibular graft in aseptic femoral-neck nonunion.
Methods
We retrospectively studied 22 patients with nonunion of the femoral neck who were operated upon with autologous nonvascular fibular bone graft and revision osteosynthesis with a 130°angle blade plate in all patients. Clinical and radiological data were retrieved from our trauma registry, and patients who completed at least one year of follow-up were included. There were 15 men and seven women, with a mean age at the time of surgery of 38 (range 21-52) years. The mechanism of initial injury was motor vehicle accident in 19 and a fall in three. The initial procedure was closed reduction and internal fixation with cannulated cancellous screws in 16 patients and dynamic hip screw in six. Nonunion was defined as no evidence of healing on anteroposterior and lateral radiographs at six months following surgery. All patients had pain on weightbearing. Preoperatively a bone scan was carried out in all patients to rule out AVN. C-reactive protein (CRP) and erythrocyte sedimentation rates (ESR) were obtained in all cases to rule out infection. One additional cannulated screw was inserted if space was available for the fixation. Mean time between revision surgery and injury was 11.2 (eight to16) months. In situ fixation of the fracture site was carried out in cases where the gap between fracture fragments was greater than two millimetres on radiographs. In six cases, open reduction at the fracture site using the Watson-Jones approach was carried out, and in these cases, iliac-crest-bone graft was used to pack the fracture site. The fibula was harvested from the middle third using a lateral incision. An appropriately sized tract was drilled over the guide wire under image guidance for the fibular graft. This was followed by fixation using a 130°angle blade plate. Postoperatively, patients were mobilised nonweight bearing immediately after surgery. Partial weightbearing was started after six weeks, and full weightbearing was restricted until there were signs of radiological union, following which patients were called every six months for clinical and radiological evaluation. The average duration of follow-up was 3.2 (range 1-5) years. Patients were followed up clinically for pain while weightbearing, ability to perform straight-leg raise, leg-length discrepancy and hip range of motion. Radiographically, they were assessed for evidence of union on anteroposterior and lateral views and development of avascular changes. Functional evaluation was done using the criteria used by Nagi et al. (Table 1 ) [4] .
Results
Radiographically, union was seen in 21 patients (Figs. 1 and 2), none of whom had pain on weightbearing or straight-leg raising. Mean time between revision surgery and union was 4.4 (3.6-6) months.
Five patients had evidence of AVN on preoperative bone scan. Follow-up radiographs in all patients demonstrated union. Only one patient progressed to femoral-head collapse. Evidence of revascularisation was seen in the four other cases with maintenance of femoral-head sphericity on follow-up radiographs. Mean neck-shaft angle at follow-up was 116°(124-111°). Mean leg-length difference was 1.5 cm. There was no instance of fibular graft fracture or slippage or implant cutthrough. After a mean of 3.2 years, using the criteria of Nagi et al. [4] , excellent results were seen in four, good in ten, fair in six and poor in two patients. Patients with poor results included one with nonunion and other with AVN with collapse Fig 2 a Cannulated screw fixation in a femoral-neck fracture; b nonunion with screw backout was evident from X-ray after 9 months; c screws were removed, revision surgery with fibular autograft and angle blade plate was performed, implant and graft positions were checked under image intensifier; d 4.5 years after refixation with angle blade plate and fibular graft, the fracture has completely united with graft incorporation of the femoral head. Both patients required total hip replacement ( Table 2) . Following fibular graft harvest, transient loss of extensor hallucis longus power was seen in three patients, all of whom had recovered at follow-up. No sensory deficit was seen in any patient.
Discussion
The major causes of nonunion and AVN after femoral-neck fracture can be attributed to a combination of unfavourable biomechanical and vascular conditions caused by the fracture itself, poor reduction and inadequate internal fixation. Varus malreduction is the main risk factor for nonunion [5, 10, 11] . It is therefore advocated to proceed with open reduction if there is difficulty in obtaining closed reduction. Cannulated cancellous screws are the most commonly used hardware for internal fixation of these fractures and also during revision surgery using fibular grafting. Osteotomy has been used with better outcomes in femoral-neck nonunions (AVN in 6-17% and nonunion rates 0-15%), but functional results are mediocre because of the frequency of a persistent painful limp due to AVN avascular necrosis mechanical changes at the femoral neck [12] [13] [14] [15] [16] . Limb shortening and decreased range of motion are common after osteotomy, probably because of increased pressures on the femoral head, leading to degenerative disease or osteonecrosis. Again, there are potential risks for nonunion at the osteotomy site, although this has not been commonly reported in the literature. Osteotomy converts the vertical fracture line to the horizontal compressive force and thus creates better hip biomechanics for fracture healing. However, in view of the described morbidities, it may not be justified in cases where nonunion is not associated with significant varus deformity at the fracture site [4, 5] . The primary issue in these situations is biology at the fracture site and stability of internal fixation. This is addressed by fibular grafting and stable internal fixation. This avoids addition of another procedure, with its added complications such as nonunion at the osteotomy site and increased risk of AVN [15] . It has been suggested that valgus osteotomy should be preferred for cases in which shortening is significant (>1.5 cm), as this helps improve limb length [15, 16] . In our experience, most of these patients are those with a significant gap at the fracture site and varus collapse. These cases benefit most from open reduction and valgus osteotomy with or without fibular grafting. Higher Pauwelstype fractures have a greater chance of failure and varus collapse [12, 17] . It has been suggested that such fracture nonunions are best treated by valgus osteotomy to improve biomechanics at the fracture site [12] . An important concern in revision surgery is the quality of bone that is available for secure fixation. The femoral head in a nonunion femoral-neck fracture is compromised by osteoporosis secondary to disuse and bone deficiency inside the femoral head due to previous hardware. This greatly impairs the strength of fixation in the femoral head. We often found it difficult to obtain good purchase of the cannulated cancellous screws while fixing femoral-neck nonunions. Poor fixation delays mobilisation, and the patient must be nonweightbearing for a longer period. These screws depend upon threads fixation in the bone of femoral head. On the contrary, the angle blade plate, owing to its rectangular shape, better resists torsional and shearing forces. With a larger volume of bone coming in contact with the blade surfaces, angle blade plates are ideal implants where bone quality is compromised. Angle blade plates have been used for proximal femoral osteotomies in paediatric and adult patients, and for fixation of some unstable subtrochanteric or pertrochanteric fractures. There is no report regarding this implant in revision surgery for femoral-neck fractures without valgus osteotomy.
Nagi et al. [4] used a single cancellous screw along with the fibular graft for supplemental fixation [4] . They found this implant unstable and relied on postoperative hip spica. Various other authors used two to three cancellous screws for supplemental fixation. They all relied on the fibular graft for primary stable fixation and believed that the cancellous screws provided additional stability. This arrangement exerts great shear forces on the graft, which in our opinion would hamper the biological environment for graft uptake. The angle blade plate offloads the graft of the shearing forces, which now only serve the function of osteogenesis. Considerable forces acting on the grafts can be determined from the instances of fibular graft fractures or slippage while using screws. Fracture of the fibular graft was seen in four patients in the series by Nagi et al. [4] . There was no instance of fibular fracture in any of our patients. Though Nagi et al.. achieved 95% union rate in their study, similar results were not replicated in other studies, even when more than one screw was used for stability [5] . Elgafy et al. achieved fusion rates of 69.2% by using screws and autogenous fibular graft [5] . We agree that angle blade placement in the femur and neck is technically demanding, and utmost care must be taken to place it in its optimal position, preferably in the inferomedial quadrant of the femoral head, to avoid implant cut-through. A dynamic hip screw cannot take the place of an angle blade plate, as it enhances the risk of AVN due to reaming and also does not provide rotational stability. As an indirect effect of this, force may be exerted over the fibular graft. Angle blade plate, with or without supplementary screws, provides rigid stability to the femoral-neck nonunion and allows the fibula to perform the sole purpose of osteogenesis. By stimulating the native host cells, fibular autograft promotes union at the fracture site at a faster rate. This is evident in our study, as mean fracture union duration was only 4.4 months, which is less than most previous studies [5, 6] .
Although the vascularised fibula appears to be a more biological graft, it is technically more difficult and needs greater expertise, which may not be available in many centres. Union rates >90% can be seen with free vascularised fibular grafting [6] [7] [8] . Jun et al. achieved union in 92.3% (24 of 26) cases in 5.3 months [6] . The success rate in our series was 91%, which is almost equivalent to that reported using vascularised fibular graft. The advantage of using vascularised graft in union rates and time to union is not apparent in the literature.
The presence of avascular changes on preoperative investigations is not a contraindication for revision internal fixation, as a majority of these changes have been shown to resolve in favour of revascularisation as union occurs. Of four patients with avascular changes in our series, three had healed at follow-up. Follow-up radiographs showed that the fibular graft begins the union process at the graft periphery, and the centre is the last to integrate. This is probably due to the more vascular environment available in the ends of the graft compared with the fracture site, which is relatively avascular.
Limitations of the study were the retrospective design, small number patients and absence of a control group. However, it seems that the angle blade plate with or without a supplementary cannulated screw provides rigid stability in femoral-neck nonunion, and the fibular graft augments the biological healing process at a faster pace with less chance of failure. This technique offers more reliable fixation with early mobilisation.
